A c c e p t e d M a n u s c r i p t A c c e p t e d M a n u s c r i p t 1 µm referred to as normal-mode separation mechanism [30] . When the particle size exceeds 138 approximately 1 µm, the steric/hyperlayer mode prevails, and the elution order is reversed in that 139 larger particles elute before smaller particles [31, 32] . The relation between the retention time and 140 diffusion coefficient helps in calculating hydrodynamic radii using standard AF4 theory [28, 29] . Recently, Herrero et al. [28] [35] described a method for the fractionation and online 152 identification of C 60 and two hydrophobic C 60 -derivatives by coupling AF4 to high resolution 153 mass spectrometry and to MALS. The authors reported very similar size distribution for the three 154 fullerenes, with particle radii of gyration (r G ) ranging between 20 and 80 nm. Regarding water 155 soluble functionalized fullerenes, there are limited studies on their size distribution and 156 aggregation behavior. AF4 with offline atomic force microscopy (AFM) was proposed for the 157 characterization of C 60 (OH) 24 [27] [34] as a function of pH and ionic strength. The authors found 158 that fullerol exists in clusterspresent aggregate sizes of only few nanometers in size (≈2 nm) at 159 basic pH and low ionic strength. Fullerol aggregate size increased with the salt concentration 160 from 1.8 nm at zero ionic strength up to 6.7 nm at 0.1 M NaCl, but was not affected by the pH of 161 the solutions. These results disagree with a previous study [29] [37] reporting sizes on the order 162 of 100 nm for this compound as found by dynamic light scattering and TEM. This could be due 163 to the different methodology used for the size measurements of the particles since imaging in air 164 induces aggregation due to partial drying of the sample before analysis. Bovine serum albumin (BSA, molecular weight ≈ 66 kDa) was purchased from Sigma-237 Aldrich (Steinheim, Germany). NaCl and phosphate buffered saline (PBS) were purchased from 238
Merck (Darmstadt, Germany). 239
Water was purified using an Elix 3 coupled to a Milli-Q system (Millipore, Bedford, MA, 240 USA) and filtered using a 0.22 µm nylon filter integrated into the Milli-Q system. 241
Stock standard solutions of polyhydroxy-fullerenes (≈1000 mg kg From the retention data, determined from the UV signal at 280 nm, the exact channel thickness 276 (w) was calculated according to the procedure described by Litzén et al. [33] [39]. 277
The fractionations were performed in 3 steps. First, 1 µL of samples were injected in 278
Milli Q water with an injection flow of 0.1 mL/min. Then relaxation and focusing was carried 279 out during a specific time (3 min for the carboxy-fullerenes and 10 min for polyhydroxy-280 fullerenes) at a cross flow rate of 2 mL/min. Time-delayed exponential (TDE) mode was used for 281 the elution step with a delay/decay time of 3 min (carboxy-fullerenes) and 7 min (polyhydroxy-282 fullerenes), an initial cross flow of 2 mL/min and a channel flow of 1 mL/min. The eluted 283 samples were monitored by the UV detector at 254 nm and the MALS detector. The signals from 284 the MALS detecdetector tion were measured simultaneously at 12 different angles (channels no. 285 6-17) utilizes a laser source at a wavelength of 690 nm and the scattered light is measured 286 simultaneously at 18 different angles between 17° and 155° for the calculation of the radii of 287 gyration. Angle-dependent measurements revealed a Berry model to be appropriate for 288 evaluation of the measured values. For the normalization of the MALS channels, and toA c c e p t e d M a n u s c r i p t procedure, the Stokes radius of BSA was assumed to be 3.5 nm. The experiments were 318 conducted in a temperature controlled room (23 ± 2 °C). 319
. Carrier solutions with different ionic strengths (0 to 200 mM NaCl) and pH values (6.5-320 11) were tested to study the aggregation behavior of the fullerenes. Each carrier solutions was 321 filtered through a 0.45 µm nylon membrane filter before use. 322
Diffusion coefficients and hydrodynamic radii were calculated from the observed 323 retention times using Equations (1) where k is the Boltzmann constant, T the absolute temperature, η the viscosity of the 335 solvent and r H the hydrodynamic radius of the particle, 336
337
The recovery from an AF4 run, i.e., the ratio between the recovered mass after analysis 338 and injected mass, was expressed as: 339 as previously observed by using the constant cross flow elution mode. Hence, a TDE program 367 with an initial cross flow and a focus flow of 2 mL/min was used for further experiments. The 368 best results (i.e., fractionation of the particles in a reasonable run time, and a good separation 369 from the void peak) were obtained with a delay/decay time of 7 min (see Figure 2) . The average 370 hydrodynamic radii of the particles at the maximum of the peak height (peak-top values) were 371 estimated from the retention time of the peaks using standard AF4 theory and the Stokes formula 372 (Eq. 42). For C 60 (OH) 24 tailing peaks were observed in the fractograms obtained using UV 373 detection, with r H values between 3 and 30 nm and an average r H at the maximum of the peak ofA c c e p t e d M a n u s c r i p t order aggregates. The fractogram of C 120 (OH) 30 showed a major peak corresponding to small 376 particles with an average r H of 4 nm and a second peak at 5 min corresponding to particles with 377 higher degree of aggregation, with an average r H of 12 nm. However, the retention time and the 378 apparent size of the fullerenes in the first peak depended on the initial cross flow rate. As can be 379 seen in Figure 3 , the calculated radii of C 60 (OH) 24 and C 120 (OH) 30 increased from 4 nm, for cross 380 flow values of 1.5 and 2 mL/min, to 10 nm for 2.5 mL/min. Similar behavior was observed when 381 increasing the focus flow rate above 2 mL/min, or when increasing the focusing time. The 382 focusing time was varied from 3 to 15 min while the other parameters (flow rates, amount of 383 sample) were kept the same. For a good separation from the void peak for the polyhydroxy-384 fullerenes a minimum 10 min focusing time was required, while the r H value found remained 385 constant (≈ 4 nm). However, when using a 15 min focusing time, the r H value increased to 20 386 nm. The observed increase in the size of the particles with the cross flow and focus flow could 387 have its origin in particle-particle interactions, as during focusing the particles are strongly 388 concentrated near the wall, and during this step particle-particle interactions may be more 389 prominent during this step, leading to more aggregation. Although these fullerenes display 390 elevated water solubility due to the high number of hydroxyl groups covalently bound to the C 60 391 structure, they aggregate in water since the spheres tend to stick together in micelle-like 392 aggregates [41] [35] . 393
For the carboxy-fullerenes the optimal fractionation conditions were a 3 min focusing time and a 394 TDE program with an initial cross flow of 2 mL/min and a delay/decay time of 3 min. The C 60 -395 pyrr tris acid fullerene eluted in at least three discernable fractions, with radii in the order of 396 approx. 10, 30 and 95 nm, respectively (see Figure 2 ). For C 60 CHCOOH a small peak close to 397 the void time was observed in the fractograms corresponding to small particles with average r H 398 values of 10 nm and a major peak at 7 min corresponding to larger aggregates with average r H of 399 55 nm. The effect of the flow conditions (cross flow, focus flow) and focusing time on the 400 carboxy-fullerenes was negligible, and their average radii were not affected by these 401 experimental parameters. The effect of the cross flow on the observed r H radii values of these 402 particles is shown in Figure 3 . For C 60 -pyrr tris acid, the plotted r H values correspond to the 403 largest aggregates, the third peak in the fractogram (see Figure 2) . Apparently, inducedA c c e p t e d M a n u s c r i p t (PES), with a molar mass cut-off of 3 and 10 kDa, were evaluated for the fractionation of the 407 fullerenes. The relative recoveries obtained using each membrane were calculated from the total 408 peak areas obtained with and without applying a cross flow. As can be seen in Table 1 obtained a higher recovery of isolated humic acid with a 5 kDa RC membrane than with a 2 kDa 419 PES membrane, and found the losses to be due to adsorption of humic substances to the PES 420
membrane [40][46]. 421
Theo method reproducibility was tested by calculating the run-to-run precision. For this 422 purpose, a total of five replicate determinations for each compound at concentration levels of 1 423 mg/mL were carried out on the same day (n=5). The calculated relative standard deviation (% 424 RSD) values of the retention time at the maximum of the peak height and of the r H were between 425 0.3 and 0.9 %. 426 427
AF4-MALS and TEM measurements 428 429
AF4-MALS hyphenation can offer a further insight into particle properties and can 430 provide information on the particle size distributions as well as of the particle shape. MALS 431 measurements can provide the radius of gyration or rms radius of particles (r G ). The r G is defined 432 as the mass weighted average distance from the core center of mass of a molecule to each mass 433 element in the molecule and incorporates structural and shape properties of the particles. The 434 AF4 retention time, on the other hand, provides the hydrodynamic radius r H of a particle, which 435 is related to its friction factor in solution. By combining the retention data from AF4 with theM a n u s c r i p t be obtained, by calculating a shape factor ρ, which is defined as r G /r H the ratio between the 438 scattering radii and the hydrodynamic radii. This shape factor has a value of 0.775 for spherical 439 particles and increases as particles deviate from the spherical shape (ρ ≈ 0.8 for coils and ρ ≈ 1.7 440 for rods) [42, 43] [49, 50] . 441
In the present work, the AF4 instrument was coupled to MALS detection and used for the 442 determination of the size distribution of the surface modified fullerenes and to determine their 443 shape factorstudy their shapes in aqueous solutions. revealed in both cases a small peak corresponding to small particles with sizes lower than 20 nm 456 and one intense and broad peak corresponding to aggregates presenting r G ranging from 15 to 457 310 nm (C 60 -pyrr tris acid) and from 20 to 310 nm (C 60 CHCOOH), respectively. 458
To obtain information regarding the shapes of the aggregates, The shape factor (ρ) was calculated 459 by dividing the approximated the average peak-top radius values obtained by MALS 460 measurements were correlated to with the mean r H values calculated for each peak in the 461 fractograms at the maximum of the peak heightfor each peak in the fractograms. It can be 462 noticed that the r G values obtained for polyhydroxy-fullerenes are systematically higher than their 463 r H values. This could indicate that the aggregate shape of these fullerenes is far from spherical. 464
For the carboxy-fullerenes this was not obvious, as the fractograms obtained by AF4-UV 465 revealed several distinguishable peaks corresponding to particles of different aggregate sizes. ForA c c e p t e d M a n u s c r i p t 1.1, for the second and third peak, respectively (Figure 2 ) and of approx. 1.4 for C 60 CHCOOH 469 pointing out the presence of both spherical particles and irregular shaped structures for these 470 compounds. Additionally, the morphology and aggregate structures of the surface modified 471 fullerenes in water was studied by TEM and the micrographs obtained are presented in Figure 5 . 472
The images show clear differences between their aggregate structure and particle shape. In 473 agreement with the calculated ρ valuesresults obtained by AF4-MALS, the images show 474 complex branched aggregates with polycrystalline snow flake-like structures for the 475 polyhydroxy-fullerenes which were so strongly aggregated that it was difficult to obtain an 476 average particle size. Mostly spherical clusters and some irregular shaped structures were 477 observed for the carboxy-fullerenes., which is in agreement with the results obtained from the 478 shape factor calculations. Moreover, the TEM images confirmed the polydispersity and the wide 479 size distribution of the aggregates formed by the carboxy-fullerenes as previously observed by 480 AF4. The micrographs revealed particles with estimated sizes between 20 and 160 nm and 481 between 20 and 410 nm, for C 60 -pyrr tris acid and C 60 CHCOOH, respectively. The somewhat 482
higher size values obtained by TEM can be due to the fact that the grids must be dried prior to 483 imaging, and that the particles are likely to aggregate further to some degree. Nevertheless, the 484 TEM images do provide a basis for comparison and for elucidating particle shapes and structure. 485 486
Influence of pH and ionic strength 487 488
The mobility and toxicity of fullerenes released to the environment will depend on the 489 colloidal stability of the aggregates formed. The aggregation of these particles into larger clusters 490 will reduce their ability to be transported or to come into contact with aquatic organisms. did not affect their aggregation. On the other hand, the ionic strength of the solution was found to 548 be an important factor. In the presence of sodium chloride (30-200 mM) a much larger fraction 549 of the polyhydroxy-fullerenes was found in aggregates with radii in the order of 40-60 nm. The 550 carboxy-fullerenes studied showed a much stronger tendency to aggregate than the polyhydroxy-551 fullerenes. Even in water without added salt, their aggregation radius was around 55 nm and 95 552 nm. With the addition of salt to the solution a small decrease of their average aggregate size was 553 found. However, at higher ionic strength the recovery of the carboxy-fullerenes from the AF4 554 channel was strongly decreased. This can possibly be attributed to an increased adsorption of the 555 (fairly hydrophobic) fullerenes to the membrane material. When this adsorption would be size-556 dependent, the observed decrease of the average aggregate size could be related to this. Data 557 obtained from the MALS detector coupled on-line to the AF4 instrument largely confirmed the 558 aggregate size distributions as calculated from the fractograms. The shape factors for the 559 aggregates, obtained by comparing the scattering radii from the MALS data with theM a n u s c r i p t fullerenes are not spherical but strongly branched. TEM measurements confirmed this 562
observation. 563
The methodology developed in this study can guide future work for the characterization of 564 fullerenes, to study their aggregation behavior in aqueous media and hence to improve the 565 understanding of the fate of these particles in the environment. M a n u s c r i p t Table 1 
